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Goals

* Test QCD to maximum precision at colliders
* Maximize sensitivity to new physics

¢ Obtain high precision determination of
fundamental parameters

¢ Determine renormalization scales without

ambiguity

¢ Eliminate scheme dependence

Predictions for physical observables cannot depend ow theoretical

conwventions such as the renormalizatiow scheme or initial scale choice




Lessons from QED
* No Renormalization Scale Ambiguity

® Dressed Photon Propagator sums all [} terms

® New Scale at Every Order, Every Skeleton
Graph

® Predictions are scheme independent

* QCD becomes Abelian QED in Zero Color
Limit No — 0

® Grand Unification: Use same methods for all
couplings
Canv use MS scheme inv QED; answers are scheme independent
Analytic extension: coupling iy complex for timelike argument
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Electron-Electrow Scaltering inv QED

8ms 8mrs
Meeﬁee(++;++) — "'"t’“"' O!(t) | a(u)

e

a(t) = 1-ha0p
Gell-Mann--Low Effective Charge

® Dressed Photon Propagator sums all § (vacuum polarization) contributions,
proper and improper
Oé(t()) H(t t ) _ (t) B ----(t0>
QY (t) — y L0
T — TI(¢, o)

® Initial Scale Choice t, is Arbitrary!
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®* Any renormalization scheme canbeused & (t) — aM—S(e 3 t)
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Lessons from QED

In the (physical) Gell Mann-Low scheme, the momentum scale of the running
coupling is the virtuality of the exchanged photon; independent of initial scale.

___a(lo) TI(¢) — T(to)
O =Ty 0= g,

Example: ee-scattering

8 8
Mee—>ee — i80[(75) | ﬂ-Sa(u) e

L U

Two separate scales;
one for each skeleton graph.

e

For any other scale choice an infinite set of diagrams must be taken into
account to obtain the correct result!

In any other scheme, the correct scale displacement must be used
2 1 2 2 2
He— 1 — 2 5m2
MS:G/ dx:c(l—a:‘)logmeJer( ) ane logQ
0

lOg 5 2 9

1y Ty my

cagrs(e™¢%) = agm-1(¢?).
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QED One-Loop Vacummwm Polawrizgaliov

Van
................ O t=-Q2<0
- (t spacelike)

(Q%) 213 QQ ( 5) | Qz Og > ]
1- \/+4Q%|

Analytically continue to timelike t: Complex

0
[ (Qz) — O:é[(5ﬂ-),gl Q2 << 4M? Serber-Uehling
2\ (0) Q2 9 5 Potential
I1(Q°) = 2 log Q" >>4M Landau Pole

1 d «at) 4(a
47 dlogt 3 4w
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QED Ruvwming Coupling

a0
a(t) = 1255

Al-orders lepton-loop corrections to-dressed photon propagator

H(t, tO) — H(t)—l_l(to)

1—-M(tg)

Initial scale t, is arbitrary -- Variation gives RGE Equations
Physical renormalization scale t not arbitrary!
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Electron-Electrow Scaltering inv QED

81s 81S

Mee——}ee("“‘i";"*“") — """"t"""' a(t) | Of(’LL)

No renormalization scale ambiguity!

_E_) :
Gauge Invariant. Dressed photon propagator t ‘ u ‘ \
— :

Sums all vacuum polarization, non-zero beta terms into running.
coupling. This is the purpose of the running coupling!

e Two separate physical scales: t, u = photon virtuality

If one chooses a different initial scale, one must sum an infinite number
of graphs -- but always recover same result!

Number of active leptons correctly set
Analytic: reproduces correct behavior at lepton mass thresholds

No renormalization scale ambiguity!
8



Electron-Electrow Scattering inv QED

New renormalization scale at each order of pQED
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Each “skeleton” graph has its own renormalization scale

>

>

Renormalization scheme independent at each order

Independent of initial scale Mo

Abelian theory is the analytic limit QCD at Nc =0



GUT: Must use the same scale - setting proceduwre for QED, QCD

27 | | | | | | II| |

Binger, sjb

Supersymmetric

SU(5) -

26
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23—~ ” Asymptotic unification of
i strong, electromagnetic, and weak forces in
/Q analytic pinch scheme i
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NZ -1
2N

lim No — 0 at fixed a = Crpas,ny = ng/Cg

Crp =

Huet, sjb

QCD — Abelian Gauge Theory

Analytic Featuwre of SU(Nc) Gauge Theory
Scale-Setting procedure for QCD

must be applicable to- QED
BNL Hioh Stan Brodsky
igh pr . e . e
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No renormalization scale ambiguity in QED
No guessing of renormalization scale or range!

Physical predictions cannot depend on renormalization scheme

Gell Mann-Low QED Coupling defined from physical observable

Running Coupling sums all Vacuum Polarization Contributions, all 3
terms

Recover conformal series
Renormalization Scale in QED scheme: Identical to Photon Virtuality

Analytic: Reproduces lepton-pair thresholds -- number of active leptons
set

Examples: muonic atoms, g-2, Lamb Shift
Time-like and Space-like QED Coupling related by analyticity

Dressed Skeleton Expansion
12
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Example inv QED: Muonic Atoms

A
V(q?) = —Z29pe)
pg =4q°
o O
agrp(g®) = 18]?,1222))

Scale is unique: Tested to ppm

Gyulassy: Higher Order VP verified to
0.1% precision in u Pb

Stan Brodsky

Elimination of Scale Ambiguities o1 AS
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Principle of Maximuwm Conformality (PMC)

week endin
PRL 110, 192001 (2013) PHYSICAL REVIEW LETTERS 10 MAY 2013

5%

Systematic All-Orders Method to Eliminate Renormalization-Scale and
Scheme Ambiguities in Perturbative QCD

Matin Mojaza™

CP3-Origins, Danish Institute for Advanced Studies, University of Southern Denmark, DK-5230 Odense, Denmark
and SLAC National Accelerator Laboratory, Stanford University, Stanford, California 94039, USA

Stanley J. Brodsky'
SLAC National Accelerator Laboratory, Stanford University, Stanford, California 94039, USA

Xing-Gang Wu*

Department of Physics, Chongging University, Chongqing 401331, People’s Republic of China
(Received 13 January 2013; published 10 May 2013)

We introduce a generalization of the conventional renormalization schemes used in dimensional
regularization, which illuminates the renormalization scheme and scale ambiguities of perturbative
QCD predictions, exposes the general pattern of nonconformal {f3;} terms, and reveals a special
degeneracy of the terms in the perturbative coefficients. It allows us to systematically determine the
argument of the running coupling order by order in perturbative QCD in a form which can be readily
automatized. The new method satisfies all of the principles of the renormalization group and eliminates an
unnecessary source of systematic error.
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Features of BLM/PMC

Predictions are scheme-independent at every order

Matches conformal series
No n! Renormalon growth of pQCD series

New scale appears at each order; nr determined at each order - matches virtuality of
quark loops

Multiple Physical Scales Incorporated (Hoang, Kuhn, Tuebner, sjb)
Rigorous: Satisfies all Renormalization Group Principles

Realistic Estimate of Higher-Order Terms

Reduces to standard QED scale N — (

GUT: Must use the same scale setting procedure for QED, QCD
Eliminates unnecessary theory error

Maximal sensitivity to new physics

Commensurate Scale Relations between observables: Generalized Crewther Relation
(Kataev, Lu, Rathsman, sjb)

Reduces to BLM at NLO: Example: BFKL intercept (Fadin, Kim, Lipatov, Pivovarov, sjb)
15



BLM/PMC: Set Scales

such to absorb all ‘renormalon-terms’, i.e. non-conformal terms

Q%) = ookt r10a(@) + (Ha(@) 1 Aal@) + Faa(@) +-rras
- (B3a(Q)° + %,ﬁlﬁna{gﬁ o )raa (B4 )ray
i+ ra0a(Q) +2a(Q)(Foa(Q) +Ara@) 4o sy
T
Enﬂa(ﬂ;‘l} =r100(Q) — Bla)ra1 + %,.-R(fgjg?H NI (—ﬂl'J” {di;ji .
{r200(Qo) = r20al Q)P = 20(@Qp@rog t

How do we identify the b terms?

BLM: Use ns dependence of Boand 31
10



Principle of Maximuwm Conformality (PMC)

-+ Subtract extra constant 6 in dimensional regularization.
Defines new scheme Rj;

logdnr —vg — 0 MS:6=0 (0:Arbitrary constant!)

- ICoefficients of o identify 3 terms !

- Shift  terms to argument of running coupling as(Q;) at
each order n (analogous to all-orders vacuum polarization
summation in QED)

- Resulting PQCD series matches 3= 0 conformal series
- scheme-independent predictions at each computed order

- almost independent of initial scale yo

M. Mojaza, Xing-Gang Wu, sjb
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0-Renormalization Scheme ( Rs scheme)

In dim.reg. 1/¢ poles come in powers of [Bollini & Gambiagi,'t Hooft & Veltman, '72]

2
L4 1
IHE—FE‘I—C

In the modified minimal subtraction scheme (MS-bar) one subtracts together
with the pole a constant [Bardeen, Buras, Duke, Muta (1978) on DIS results]:

1n(47r) — YE

This corresponds to a shift in the scale:

pae = i exp(Indr — vp)

A finite subtraction from infinity is arbitrary. Let’s make use of this!

Subtract an arbitrary constant and keep it in your calculation: R s-scheme
ln(47r) — YE — 5,

Hs = Hirs exp(—0) = p? exp(Indr — vz — 0)

. M. Mojaza, Xing-Gang Wu, sjb



Teach av robot to- compute the PMC scales

M. Mojaza, Xing-Gang Wu, sjb
Generalize M.S Scheme by subtracting log4m — vg — 0

Call this the Rs renormalization scheme

Ro = MS ,
7zlnélm—’y}g = MS .

All 'Rs renormalization schemes have same (-function

01 —92
My = Hs € 2

In particular:

In 47— 2
pags = pms € ATTTE)/Z,
B _5/2
s = pags €77
. Stan Brodsky
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M. Mojaza, Xing-Gang Wu, sjb

Exposing the Renormalization Scheme Dependence

Observable in the Rs-scheme:
ps(Q*) =ro + ria(p) + [r2 + 50"“1@a(,u)2 + [rs + m 2607* 537«1@(@3 T

Ro = MS . Rindr—np = MS T 'ui/[—s exp(lndm — vg) , ,u§2 — 'L‘gl exp(dy — 01)
Note the divergent ‘renormalon series’ n!5" o

Renormalization Scheme Equation

D _ g% L

p5(Q%) =ro + r1ai (1) + (r2 + Borid1)az(p2)? + [r3 + Bir1dr + 2807202 + Biri6d]as(us)® ¢

The §Ya™-term indicates the term associated to a diagram with 1/e"~* di- g

vergence for any p. Grouping the different d;-terms, one recovers in the N. — 0
Abelian limit the dressed skeleton expansion.

£

W'

R ——
Coefficients of 0 identify 3; and their pattern

20



Special Degeneracy in PQCD

There is nothing special about a particular value for ¢, thus for any ¢

p(Q?%) =ro,0 + 11,00(Q) + |r2,0 + 5071,1]@(62)2 + [r3.0 + 512,1 + 250"“_5),_4 —+ 53"“3_,2]G(Q)3

5)
+ [ra.0 + Barea + 2681731 + 551507“3,2 + 360741 + 365742 + Byrasla(@)”

General pattern of pQCD
According to the principal of maximum conformality we must set the scales

such to absorb all ‘renormalon-terms’, i.e. non-conformal terms

BNL High pr
April 12,2016

Elimination of Scale Ambiguities



Since p is a physical observable, it must be independent
of the arbitrary renormalization scheme and scale. That

18, : 1‘

S, ) (1 77/
5’,05 8,05 l
‘ =0, =0, | 16

Generahzatlon use 5 at n- loops

,05(@2) =70 + 7“1&1(Q) T (7“2 — 507°151)&2(Q)2
+ [r3 — B1r101 — 2Bor202 + Biridi]as(Q)?
+ [ry — Bar10y — 28171909 — 3Bgr3ds + 3851205

B3t + - Bifortla(Q) + Oa®)  (20)

Shows the general way that nonconformal terms
enter anv observable

Stan Brodsky
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2
as _ _9s

as

T Ar 1672
das 2 S 2 S 3
T = As@) = —a®[Bo + fra+ 550> + 55a° + -
11 2
Bo = ch— §7"LF QED: Nc=0

Relating different renormalization scales:

Taylor expanding a(u) around In(uo):

2 B 27 2
a(,u) — a(MO) — 50a(u0)2 In ,u_2 — | b1 — 53 In ,u_2 a(/i())g In ,u_2 I
Ho | Mo _ Ho
pQCD
Stan Brodsky

BNL High pr
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Set multiple renormalization scales --

Lensing, DGLAP, ERBL Evolution ...

Choose renormalization scheme; e.g. aff(pBt) PM C/ B LM
l No renormalization scale ambiguity!
Choose '™ arbitrary initial renormalization scale Result iy independent of
Renormaligatiovw scheme
l and initial scale!

Identify {BE} — terms using 6— terms
QED Scale Setting at Nc=0

through the PMC — BLM correspondence principle

l order by order Eliminates unnecessary

Shift scale of ay to utMC to eliminate {81} — terms systematic uncertainty

} Scale fixed at each order

Conformal Series

0-Scheme automatically

nit

Result vs independent of pg" and scheme at fized order Identlﬁ es B-te I"mS!

INCi ' : Xing-Gang Wu, Matin Moj
Principle of Maximum Conformality [ Seiyesim: sy
A robot cawmv compute the PMC scales

24



X-G W, sjb
BLM/PMC Scale-Setting for R(Q)

o(ete™ — hadrons, Q)

—3% "2 [1 + (am[Q}) + (1.9857 — 0.1152n) (a-“*”"(r;}])g e =it Q)
q

= R(Q)

, (5" e, )? — 3
+ (—6.63694— 1.20013n¢ — 0.00518n2 — 1.240 325 i, ) (@)
q 49

2
e e 4
+ (—156.61 + 18.???1f —0.?9?&1-3'1.?—#[1.[]215-?1% ' Ezq ZL ) (ﬂMS(Q]) ]
' q 4

P.A. Baikov, K.G. Chetyrkin and JH. Kuhn,
Phys.Rev.Lett. 101, 012002(2008); arXiv:0906.2987 hep-
AS USU3|, we set C=0 ph]; K. Nakamura et al. (Particle Data Group), J.Phys.
(337, 075021 (2010).

C is for singlet contribution and is small

25



1 —Ss+1¢€ D 2
Re+e_ (S) — %/_S_ie 22% )dQ2

_ d
D(Q?) = (a) - Ala)5-TI(Q%, a)
Initial expression
_ T
Re+c-(s) =70 +m1a(p) + [v2 + Bollila(p)® + [vs + Bully + 26,112 — By 37 a(u)?
T T2 ‘
+ [va + Folly + 251115 + Solls — —5051 371 — 305 72 — Bym Il ]a(p)
Final expression / _
) TR >hQ=+vs =31.6 GeV)
Rt (Q) =70 + 1a(Q1) + 12a(Q2)* 199 . .
; A 1058 “ = === Conventional Scale-Setting
T 73&(623) T 74&(@4) {056 ‘\‘ = PMC Scale-Setting
f “\‘ ------ Experiments
Final PMC Scales e S —
1052 \
1 =13Q, Q2=120, 1050 ‘\\ 7 Rere- = 1.0527 4 0.0050
Q3 =953, Q1~¢ O
1.046/
| 50 100
BNL High pr g
April 12,2016
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Reanalysis of the Higher Order Perturbative QCD corrections to Hadronic Z Decays

using the Principle of Maximum Conformality

_ _ . P.A. Baikov, K.G. Chetyrkin, J.H. Kuhn, and J. Rittinger,
5-Q Wang, X-G Wu, sjb Phys. Rev. Lett. 108, 222003 (2012).

1.046
1.044 | [ ¢ Conv.

x PMC
1,042}

1041 )\
= ’ »®

1.038 \
1.036 -
1.034

2 (3 4
N NS TN
The values of rl(.qns) =1+) " CNSal and their errors

=
:lt|C,IfSa?|MAx. The diamonds and the crosses are for con-
ventional (Conv.) and PMC scale settings, respectively. The
central values assume the initial scale choice ™" = Mz.
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The Renormalization Scale Ambiguity for

Top-Pair Production Asymmetry at the Tevatron is Eliminated Using the

0.8

0.7

0.6

0.5}

0.4}

0.3

0.2}

0.1}

‘Principle of Maximum Conformality’ (PMC)

Acy (M- > 450 GeV)

Xing-Gang Wu
S.-Q. Wang
Z.-G. Shi
SJB

Experimental

¢ asymmetry
<= PMC Prediction

== Conventional guess for
renormalization scale
and range

Top quawrk forward-backward asymmetry predicted by pQCD NNLO
within 1 6 of CDF/DO0 measurementy using PMC/BLM scale setting

28



Implications for the pp — ttX asymmetry at the Tevatron

........................ I/t
......................... \f

Interferes with Born term.

Small value of renormaligatiow scale increases
asymmelry, just as inv QED

Xing-Gang Wu, sjb
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NNLO QCD predictions for fully-differential top-quark

pair production at the Tevatron arXiv:1601.05375
Michat Czakon,” Paul Fiedler,” David Heymes®’ and Alexander Mitov®

O . 5 | | | | | | | |
Hsl,‘]% — w— | Wang, et al
NLO

—o— | Czakon, et al

0.4r PMC NNLO

* —=3

Arp (pﬁ — X, My > mf%‘t)

tt
O
(O8]

|

* 5NV(NLO) |

AFB(mtE > m
O
N
|

=
-

0.1
NLO , NNLO: Czakon, Fiedler, Heymes, Mitov
PMC and Conv NLO : Wang, Wu, Si, sjb
O ] ] ] ] ] ] ] ]
350 400 450 500 550 600 650 700 750 800
mi%t [GeV]

Xing-Gang Wu, Matin Mojaza
Leonardo di Giustino, S¥B

Predictions for the cumulative front-back asymmetry.



http://arxiv.org/abs/arXiv:1601.05375

» Applicatiow of the Principle of Maxinuun
Conformality to-the Top-Quark Charge
Asymmetry at the LHC

Sheng-Quan Wang, Xing-Gang Wu (Chongqging U. & Beijing, Inst. Theor. Phys.), Zong-Guo
Si (Shandong U.), Stanley J. Brodsky (SLAC). Oct 6, 2014. 10 pp.

Published in Phys.Rev. D90 (2014) 11, 114034

SLAC-PUB-16116

DOI: 10.1103/PhysRevD.90.114034

e-Print: arXiv:1410.1607 [hep-ph]
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Conventional scale choice: m¢ X-G W, sjb

“Lucky guess” for total rate

1z
PMC estimation
PRI R +weea gstimation without PMC 280 -
—u— CDF; 1004.3224
e —v— DO 1101.0124
7 wmews D0 11055384 I s
L 40 S ll_

(Pb)

iy 160 -

Tevatron i | LHC

| T | T | T I:u r I
1HES T5 ]

P g | .
T lae 2004 e,
g Loy . -
ey . L) e
- - - T, e
g e
7 ¥

PRC eslimalion

weesnr gslimalion withoul PEC
—m— ATLASamxiv 110E.3599
—d— ATLAS arkiv 120171859
e AT LAS arxiv 12024892
—o— CMSaxiv. 11055681
—a— CMSaxkiv. 1103773

10 185

TPevatron, 1.96 TeV —
e = 17204+ 1.1 (el TLHC, TTeV =

TLHC, 14 TeV

TTevatron, 1.96 TeV —
PDF+a,. error

a,(m,)=0.118£0.001

S

TLHC, TTeV —

TLHC, 14 TeV

171.8722 pb

11 2+28.4
941.3+234 ph

7.626F5252 ph

762670 1an pb
171.855% pb

041.3F 130 pb
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S-Q Wang, X-G Wu, sjb Preliminary
110
100 + LHC-XS ]
ool PMC T -
| ——T'TeV ]
@ I ——8TeV
ol ]
= | T —a—13TeV
C 60 )
T 50 F A T I |
m 40 - ? |
[ : |
§ |
= 20 ]
E _ 1
10 |
s )}

Comparison of the PMC predictions for the fiducial cross section ogq(pp —
H — ~~) with the ATLAS measurements at various collision energies. The
LHC-XS predictions are presented as a comparison.

ocra(pp = H —~y) T7TeV 8 TeV 13 TeV
ATLAS data [48] 49418 4257105 52130

LHC-XS [3]  24.7+2.6 31.0£3.2 66.17¢

PMC prediction  30.1733 38.4729 85.8727
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S-Q Wang, X-G W, sjb Preliminary

Olncl (pb)

099 (pp — HX)

70_
60:
50:
sl

30

PMC

Vs =8 TeV. Conv. _'
LHC-XS :
NNLO-+NNLL

NNNLO )
—a—H — vy I
—~VH — Z7* — 4]
v | —+— Comb.

! PMC

20

10

NNNLO (conventional)
35



S-Q Wang, X-G Wy, sjb

V'S 7TeV  8TeV 13 TeV
ATLAS(H — ) [4] 35715 305775 4075
ATLAS(H — ZZ* — 4l) [4]| 3377 3719 12422
LHC-XS [3] 17.5+1.6 223+2.0 50977
PMC predictions 21.217755 27.4471°22 65.727 550

TABL]

K, IV: Total inclusive cross-sections (in unit: pb) for

the Higgs production at the LHC with the collision energies

V5 —

7, 8 and 13 TeV, respectively. The inclusive cross-

SeCtlon Oncl = OggH + OxH + OEW.

Preliminary



S-Q Wang, X-G W, sib Preliminary

d99(pp — HX) inpb

C onve nti on al Uncertainty: Vary Initial scale Uncertainty: Uncalculated Higher Order Terms

35

35 T : : I I I
30| i 30}
251+ _ 251+
¢
20| 1 - 20} [
151 . 151 )
- ¢
10+ — 10+
* .
5 [ I I 5 -
Or 7 =
) (02 00) (0 N ' | |
99 99 99
o o o NNLO (99) (99) (99)
Totall LO Total NLO Topal O Totall LO O ot all NLO O rotal NNLO

Results for gluon-fusion total cross-section a&%gtld n= ELJO C; at™! under con-

1=
ventional scale-setting, where n stands for LO, NLO or NNLO, respectively. The
error bars stand for the predictions of “uncalculated” higher-order terms, which

are obtained by varying u, € [mpg/2,2mpg] in all “known” low-order terms.

trrvor iy underestimated _
aTeRl

1=LO
der PMC scale-setting, where n stands for LO, NLO or NNLO, respectively. The
error bar for i:,-order stands for the prediction of “uncalculated” higher-order
terms, which is taken as +|C; a?™(Q?7)|max.




. Preliminary
S-Q Wang, X-G Wu, sjb
Q Wang u, sj g99 (pp N HX) in pb

Conventional PMC
tr | LO |[NLO|N?LO|Total| LO |[NLO|N?LO|Total
mp /419.42]10.64| 3.50 [23.56(6.02| 9.58 | 8.01 [23.61
m/2|7.43] 8.89 | 4.82 |21.14]6.02] 9.58 | 8.01 [23.61
mpg [6.02| 7.53 | 5.21 [18.76]6.02| 9.58 | 8.01 [23.61
2my |4.98] 6.45 | 5.19 |16.62(6.02| 9.58 | 8.01 [23.61
Ampg |4.19| 5.58 | 4.95 |14.35(6.02| 9.58 | 8.01 |23.61

(99)

The gluon-fusion cross-section o,,”’ (in unit: pb) using the conventional and
PMC scale-settings at /s = 8 TeV, where five typical initial scales u, = my /4,
mmg/2, mg, 2my, 4mpy are adopted. pur = my.




Hoang, Kuhn, Teubner, sjb

se3/4 /4)

T

4 By = [1— 2%

Angular distributions of massive quarks close to threshold.

Example of Multiple BLM Scales

Need QCD coupling at small scales at low
relative velocity v

Angular distributions of massive quarks and leptons close to threshold.

Stan Brodsky
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asymumelies
>
current
x quark jet
)
Y Sp g X Pg C
Pseudo- T-Odd quark final state
interaction

“Lensing”
involves soft S@
scales

proton

Light-Front Wawefunction
S and P- Wawves!

Sigw reversal tn DY

spectator
system

40

Leading Twist

Sivers Effect

Hwang, Schmidt,
sjb

Collins, Burkardt, Ji,
Yuan. Pasquini, ...

QCD §- and P-
Coulomb Phases
--Wilson Line

“Lensing Effect”

Leading-Twist
Rescatlering

Violates pQCD

Factorigalion



Double Initial-State Interactions
generate anomalows cos 2¢ | Boer, Hwang, sjb

Drell-Yan planar correlations

1d
- Yo X (1 _|_)\(3052¢9—|—,usir12¢9 COS @ + zSilr12t9(3082¢)
o df) 2

PQCD Factorization (Lam Tung): 1 — A — 2v = 0

5 o hi(m)hi(N)
N — uTu~ X NA1O
_ ob—————————————————=
P 0zs. _
0. @ e V(QT)O_C);— ,,,,,,,,,,,, _
;>NW< 02k /Hd?’d gllon radiation
= u e” 0.15 i
P * _‘ : 0.1 f Q = 8GeV-
0.051 Double 1S1 |
0= P |
Violates Lam-Tung relation! Qr

41



Myths concerning scale setting

* Renormalization scale “unphysical”: No optimal physical scale
* Can ignore possibility of multiple physical scales

* Accuracy of PQCD prediction can be judged by taking arbitrary
guess [t = Q with an arbitrary range @Q/2 < pup < 2Q

* Factorization scale should be taken equal to renormalization
scale HF = KR

These assumptions are untrue in QED
and thus they cannot be true for QCD

Clearly heuristic. Wrong in QED. Scheme dependent!

42



t ssevulvod Pouwrlly

o Physical Results cannot depend on choice of Scheme
® Different PMC scales at each order

® No scale ambiguity!

® Series identical to conformal theory

® Relation between observables scheme independent,
transitive

® Choice of initial scale irrelevant even at finite order

o Identify f terms using Rsmethod

43



Relate Observalbles to-Each Other

Eliminate intermediate scheme
No scale ambiguity

Transitive!

Commensurate Scale Relations
Conformal Template

Example: Generalized Crewther Relation

R ., _(Q))=3 3 e, |1+

flavors

| .
| dolo?(@.Q) - gi(,@%)] =
0

44



O!R(Q) |

R, (0H)=3 3 e |1+

flavors T
: 1gall ag, (Q)
diB ep T, 2y __ _en T, 2 = _ |24 1 gi
]0 [91 ( Q ) gy ( Q )] 3(gv|| T

ag, (@) _ ar(Q) (aR(Q**))z N (QR(Q***))g

T T T T

Geometric Series inv Conformal QCD

Generaliged Crewther Relation

Lu, Kataev, Gabadadze, Sjb

Stan Brodsky

Elimination of Scale Ambiguities 1 AN
45 AN

BNL High pr
April 12,2016



on(@) _ ays(@) (a—i(cz))z [ (48_1 . 13_1_4) CaLop+ (..1_; i gc) fJ

3
( oszs(Q) 90445 2737, 55, 121 ,\ ., 127 143
+ — —_—— _—— _— _
( " ) {( 2592~ 108 185 432" )Yat |t m T

970 224 0 1 5 29 19 10
+[(—§1—— + —2—7—43 + 5(5 + Toa” ) Ca+ (_55 + “6—C3 - E‘Cs) CF]f

. 2
151 19 1, 11 1, dobedede (Z f Qf) |
(o220~ 105™) 7+ (505~ 5%) Gram 508 |

12

)

ag, (@) _ oms(Q) | (as(Q))2 [-Z—ECA B gCF 3 %f]

55 23
(s + —g‘cs) CaCfpr — 3501‘?7

3
§is 5437 55 1241 11 1
+ (a S(Q)) (_-_ - EC"’) C% + (——-— + —g—cg) CaCr + 55CF

648 432

3535 1 5) 133 5)
+[(—m — 5G3 + 5(5) Ca+ (gﬁq + 13

1296 2

Eliminate MS
Find Amazing Simplification

BNL High pr

: Elimination of Scale Ambiguities
April 12,2016 46

115
CB) CF] f+ EZ—S“fz}

Stan Brodsky



Lu, Kataev, Gabadadze, Sjb

Generalised Crewther Relation

1+ aR7(Ts*)][1 agl(qz)] — 1

T

Vv s* ~ 0.52Q

Conformal relation true to- all ovders in
perturbatiow theovy!
No- radiative corrections to- axiold anomaly

Nonconformal terms set relative scales (BLM)
No renormalization scale ambiguity!

Both observables go through new quark thresholds
at commensurate scales!

Stan Brodsky
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Transilivity Property of Renormaligatiovw Group

Relations between observables must be independent of intermediate

scheme
A B
H. J. Lu,
sjb
C
AwdC CedpB identicalto AwpB
Violated by PMS!
Stan Brodsky

BNL High pr

Elimination of Scale Ambiouities
April 12,2016 ‘28 su St AL
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Commensurate Scale Relations (CSR)

PMC scales in physical schemes => CSR between physical observables
a4(Q) = ap(@Q:1[Q)) + 755 a5(Q2(Q))* + 135 ap(Qs[Q])° +

Measuring A at a scale Q predicts value of B to leading order at the scale Q:/Q]
arr5(0-435Q)

/ \
oy, (1.67Q) oy (2.77Q)
a,(1.36Q) /: :\ / t\‘ozR (0.614Q)
N / \ /
(XGL5<1.18Q> Oégl(l 18Q
\ /

03V (O.904Q)

Exact in special case,e.g.:  a,; ., in(M?) = aete n(Q7) .

CSR: Q19 169 ape n(M2) 83273 oo n(M2)?
. M2 12 64 T 3079 2

Highly non-trivial QCD prediction free of scheme- and scale-ambiguities! 49



Basic features of BLM/PMC

/-It satisfies the mentioned properties: Existence, Unitary,\
Transitivity, Reflexivity.

» All non-conformal and scheme-dependent B-terms in
perturbative series are summed into running coupling. The
resultant is scheme-independent.

» Renormalons growing as (n! pma/") are avoided.

 The PMC method agrees with the standard QED results in

\\the Nc-> O limit. /

50



Features of BLM/PMC

Predictions are scheme-independent at every order

Matches conformal series

Commensurate Scale Relations between observables: Generalized Crewther Relation
(Kataev, Lu, Rathsman, sjb)

No n! Renormalon growth

New scale appears at each order; nr determined at each order - matches virtuality of
quark loops

Multiple Physical Scales Incorporated (Hoang, Kuhn, Tuebner, sjb)
Rigorous: Satisfies all Renormalization Group Principles

Realistic Estimate of Higher-Order Terms

Same as Gell-Mann Low for QED N — 0

GUT: Must use the same scale setting procedure for QED, QCD
Eliminates unnecessary theory error

Maximal sensitivity to new physics

BLM: 1039 citations. Example: BFKL intercept (Fadin, Kim, Lipatov, Pivovarov, sjb)
51



Problems with traditional scale setting

Predictions are scheme-dependent! At every order! This fundamental flaw
does not get repaired at high orders

Fails to satisfy Renormalization Group Principles

Guessing the scale and range is heuristic

Gives wrong predictions for QED

GUT: Must use the same scale-setting procedure for QED, QCD
n! Renormalon growth — no convergence of pQCD

Uses the same scale at each order.

nsdoes not reflect quark loop virtuality

Multiple Physical Scales cannot be Incorporated

Unrealistic Estimate of Higher-Order Terms: Only B-terms exposed by scale
variation

Introduces an unnecessary theory error!
Distinctly different predictions for pQCD observables See: Czakon, Fiedler, Heymes, Mitov

Obscures sensitivity to new physics 52



Factorigationw Scale

e Factorization scale not the same as the renormalization
scale

* Factorization scale ambiguity even for conformal theory

B =0
e Use AdS/QCD

* Factorization Scale Qo: Boundary between
nonperturbative and perturbative QCD

53



Deur, de Teramond, sjb

All-Scale QCD Coupling

0.6

0.4

0.2 —

starting

_ Fitto Bj + DHG Sum Rules:
VLBl < = (0.513 + 0.007 GeV

(Quark Confinement)

Expt:

Asrs = 0.339 £ 0.016 GeV

Perturbative QCD
DGLAP

and ERBL

Mg = 0.341

0.024 GeV

Evolution

Qo = 0.87 &+ 0.08 GeV

1 10

54 Q (GeV)

MS scheme



de Téramond, Dosch, sjb

AdS/QCD
Soft-Wall Model

222

Light-Front Holography

p(z) — otk
© — € szaz(l—x)bi.

d*> 1—4L?
| I -
et i T =
Light-Front Schrodinger Equation Unique
Confinement Potential!
U(¢) = k*C* +2x*(L+ S —1) ‘ S
Preserves Conformal Symwetry
k>~ 0.5 GeV
Confinement scale:
1/k~1/3 fm
o de Alfaro, Fubini, Furlan: Scale can appear in Hamiltonian and EQM

o Fubini, Rabinovici: without affecting conformal invariance of action!
b .



Superconformal

LF Holography Baryon Equation Quantum Mechanics

( — 3? + KM+ QmQ(LB + 1) 4 4[2122_ 1)¢}r _ M%}L
(=0 +r"C* +2r"Lp A AL EV —Dygs = M2
M?(n,Lp) = 4k*(n + Lp + 1) S=1/2, P=+
both chiralities
(— O+ K*C* +26°(J — 1) 4Lj114<2_ 1)¢J ~ M2,
M?(n, Lar) = 45°(n + L) Same !

$=0, I=1 Meson is superpartner of S=1/2, I=1 Baryon
Meson-Baryon Degeneracy for Ly=Lp+1



Superconformal Quantum Mechanics

Q-+
N - (2200)
2

Meson-Baryon

Mass Degeneracy
for Ly=Lp+1

T

2(n LM)

= \h =K



Superconformal AdS Light-Front Holographic QCD (LFHQCD):
Identical meson and baryon spectra!

Meson-Baryon
Mass Degeneracy
for Ly=Lp+1

$=0, I=1 Meson is superpartner of S=1/2, I=1 Baryon



Superconformal Quantum Mechanics

nucleon

n+ L

Meson-Baryon

Mass Degeneracy
for Ly=Ls+1

de Teramond, Dosch, sjb



Dosch, de Teramond, sjb

0_ \

M? (GeV2 )

o — A superpartner trajectories




0.6
0.5
0.4 |
0.3
0.2 |
0.1

Dosch, de Teramond, Lorce, sjb

M, = Mg = 46 MeV, my, = 357 MeV

N A AN X X w®™ p K K ¢
Fit to the slope of Regge trajectories,

including radial excitations

Same Regge Slope for Meson, Baryons:

Subersvymmetric feature of hadron bhysics



Features of Supersymmetric Equations

e J=L+S baryon simultaneously satisfies both
equations of G with L, L+1 for same mass
eigenvalue

o JZ = |_Z.|.1/2=(|_z_|_-|)_1/2 SZ:“l/Q

e Baryon spin carried by quark orbital angular
momentum: <Jz> =L2+1/2

* Mass-degenerate meson “superpartner” with

Lu=Lg+1.  Shifted mesov-bowryon Duadity”

Meson and baryon have same « !

Pion is massless for mq =0

Stan Brodsky

BNL High pr Elimination of Scale Ambiguities o1 AN
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de Téramond, Dosch, sjb

Tony Zee

“Quantum Field Theory in a Nutshell”

Dreawmy of Exact Solvability

“In other words, if you manage to calculate mp it better come out pro-
portional to Agcp since Agep is the only quantity with dimension of mass
around.

Light-Front Holography:

Similarly for m,. my, ~ 3.21 AM—S m, = 2l AMS.

Put in precise terms, if you publish a paper with a formula giving m,/mp in
terms of pure numbers such as 2 and 7, the field theory community will hail
you as a conquering hero who has solved QCD exactly.”

(mg = 0) LT 1 - Ays »
e = 0.455 = 0.031
my =0 -mp V2 m,




Bjorken sum rule defines effective charge [a %8 (QZ)

[ delgi? e, — g1 (e @) = 2y - 2l D)

o
® Can be used as standard QCD coupling

|

® Well measured
® Asymptotic freedom at large Q?

® Computable at large Q? in any pQCD
scheme

® Universal Bo, Bi

64



Ruwwning Coupling from Modified AdS/QCD

Consider five-dim gauge fields propagating in AdSy space in dilaton background gp( )

Flow equation

9¢(z) g2 (0)

Deur, de Teramond, sjb

S = —1/d4a;dz\/§egp(z) ! G?
4 g5

1 1 2 —Kk222 2

or gi(z)=e g5(0)

_ o9(2)

where the coupling g5 (2 ) incorporates the non-conformal dynamics of confinement

_ ,{222

YM coupling as(¢) = g%/M(C)/ZLW is the five dim coupling up to a factor: g5(z) — gy ar(C)

Coupling measured at momentum scale ()

Solution

where the coupling o

AdS

o295 / CACT(CQ) a5 (¢)

iIncorporates the non-conformal dynagnslcs of confinement



Analytic, defined at all scales, IR Fixed Point

0N AdS( )/7‘(‘ _ G_Q /4K
as(Q) f ALY
T 0.6 — .{ X‘
[ Modified AdS ¢ ] : ||I|
- — AdS Rl k= 0.54 GeV
o 0t/ (pQCD) N
i o, /7 world data " ‘
------- GDH limit X o./n \ i
0217 ¢ o /nOPAL { ‘?
A o, /mJLab CLAS ClReee
W o, /nHall A/CLAS I r IR
o | @ Lattice QCD (2004) (2007) -
| | | R N | N
10" ] 10
Q (GeV)

AdS/QCD dilaton captures the higher twist corrections to effective charges for Q < 1 GeV

2 _2
e¥ = eTh 2

Deur, G%e Teramond, sjb



Deur, de Teramond, sjb

All-Scale QCD Coupling

0.6

0.4

0.2 —

starting

_ Fitto Bj + DHG Sum Rules:
VLBl < = (0.513 + 0.007 GeV

(Quark Confinement)

Expt:

Asrs = 0.339 £ 0.016 GeV

Perturbative QCD
DGLAP

and ERBL

Mg = 0.341

0.024 GeV

Evolution

Qo = 0.87 &+ 0.08 GeV

1 10

. Q (GeV)

MS scheme



Future Divections for AdS /EQ D

¢ Hadronization at the Amplitude Level

e Diffractive dissociation of pion and proton to jets

¢ Factorization Scale for ERBL, DGLAP evolution: Q,

® Calculate Sivers Effect including FSI and ISI

e Compute Tetraquark Spectroscopy: Sequential Clusters
e Update SU(6) spin-flavor symmetry

* Heavy Quark States: Supersymmetry, not conformal

* Compute higher Fock states; e.g. Intrinsic Heavy Quarks
® Nuclear States — Hidden Color

¢ Basis LF Quantization Vary, sjb
68



QCD Mytny

® Anti-Shadowing is Universal
® ISI and FSI are higher twist effects and universal

* High transverse momentum hadrons arise only from
jet fragmentation -- baryon anomaly!

* heavy quarks only from gluon splitting
* renormalization scale cannot be fixed
* QCD condensates are vacuum effects

* Infrared Slavery

* Nuclei are composites of nucleons only

* Real part of DVCS arbitrary

69



d F =
B4 (pp — HX) = 11Tl Z /2
d°p Pr

10

nexP

_ ® s=200/62.4 GeV PHENIX
g9 | ® Vs=900/500 GeV UAT

B rrd ) } Photons and Jets
"= /s=1800/630 GeV CDF y i Te | .
************** jw l agree with PQCD

8 ™ Vs=1800/630 GeV DOy
- A Vs=1800/630 GeV CDF jets
xT scaling
Hadrons do not!

e Vs=38.8/31.6 GeVE706 |
- ® Vs=62.4/22.4 GeV PHENIX/FNAL

~ 4 \s=1800/630 GeV DO jets

X

L _ _ Arleo, Hwang, Sickles, sjb
@ Significant increase of the hadron n®*® with x,

o n**P ~ 3 at large x,
@ Huge contrast with photons and jets |
@ n®*P constant and slight above 4 at all x, 70



Ed_ff HX) =
d3p(pp — )

T T T T T T 1 T
. T
T ‘. .' [ § ‘i Tr T

L J

o~ FNAL —
S I ISR —~

A S N D A |

40 02 04 06 08
T
10 ————— .
 RHIC

Nefr

F(mT790M>

0.04

0.05

71

T
e i ]
T
I L A S A L B S L
i 0t AR I YL L P
oy Xx R BT ’! ¢
4 FNAL
- ISR FNAL 1 [ R -
S I O Lt O N | A R T N T
O 02 04 06 08 .0 O 0.2 104 06 08 1.0
T xrr
{b _ ; Ed—a(pp N pX) — EF'(zr,000m)
| 4 d F (2.0
EY (pp — pX) = ( TaSCM)
p Pr
| | Trend consistent withv RHIC

at small wr



d3 pr
24 I l I T :
e p elastic
20 | 5 27
°op ,//
6 F o T o i 2
Cleawr evidence
n {2 r R 4 1
® ]C(7'V' WW'.CWUS’{«-
8 ] .
contributions
4 - rr = 2pr/V/'s ]
0 1 ! 1 l L
0 0.2 04 0.6 0.8 .0
J. W. Cronin, SSI1974
|6 I I |
> L ® 7l ° —
n 8 | -
4 P _
rr = 2pr/V/8
0 ' ' '
o 0.2 04 0.6 0.8
. Stan Brodsky
BNL High pr Elimination of Scale Ambiguities ‘o Y Vo
April 12, 2016 D NS



Bawyon cowv be made divectly within hard subprocess

Bjorken
Coalescence P Blankenbecler, Gunion, sjb
R _ Berger, sjb
within hard uU — P d Hoyer, et al: Semi-Exclusive
subprocess
pr(mla L2, 333) X /\2 D
by ~1/pr ?
Small color-singlet
Color Trawnusparent
Minimal saume-side energy
u o e £ u
g[8
olisiov canv produce 3 Nactive = 6
collinear quarks Neff= 2Nactive ~ 4
v
— neﬁ‘= 8
d

73



Bawyonw cawv be made divectly withinw hawd, subbprocess

Bjorken
Coalescence | Blankenbecler, Gunion, sjb
. . _ Berger, sjb
Wlthln hal’d U — p d Hoyer, et al: Semi-Exclusive
subprocess

Sickles; sjb

2
The Nucleus as a Color Filter in {QCD} Decays: ¢p($ 1, L2, 333) X /\QCD

Hadroproduction in Nuclei.

By Stanley J. Brodsky, Paul Hoyer.
Phys.Rev.Lett. 63 (1989) 1566.

Small color-singlet
Color Travnsparent
Minimal saume-side energy

o < U Explaing
4 Bawyov

ctive = 6
Collision cawnv produrce 3 Hact anomaly
collineowr guawrks Neff= 2Nactive = 4 qq — Bq

(—1 neif= 8
. Stan Brodsky
BNL High pr Elimination of Scale Ambiguities ol AR
April 12, 2016 S Ty o (N


http://inspirehep.net/record/278358

RHIC/LHC predictions

PHENIX results

Scaling exponents from /s = 500 GeV preliminary data
[ A. Bezilevsky, APS Meeting

1— L TTTTTN
= [ LRHC
< o8 —
- LHC | e
0 6 —k — | L~ | n\\r\
i =9 NI
. e \ _
0.4 S I [
_.-———\\ \\ \\
== \\ \\ 9\
- S S | \
0.2 _— \\\ : \\‘x_ [ J
=, S ®
0 = \\\\ ' \-«__
-0.2 [ 1 | | [ 1 | 1 I 1 | ] 1 1 | | [ 1“ ?
102 10"

@ Magnitude of A and its x, -dependence consistent with predictions

A = Nexpt — NPQCD
Arleo, Hwang, Sickles, sjb



Bawryon made divectly withinw hawd, subprocess

Q.| «

Formation Time
proportional to-Energy

Small colov-singlet
Color Transparent
Minimald same-side energy

u

Nactive = O

Neff= 2MNactive - 4

neﬁ= 8



S. S. Adler et al. PH

ENIX Collaboration Phys. Rev. Lett. 91, 172301 (2003).

Pawticle ratio- changes withy centrality!

1.8¢
1.6}
1.4}

Ratio

1.2}

1]
0.8/
0.6}
0.4f
0.2]

proton/pion

Protons less absorbed
in nuclear collisions than pions

<« Central

m  Au+Au 0-10%
A Au+Au 20-30%

e Au+Au 60-92%

* p+p, s =53 GeV, ISR
---- e'e, gluon jets, DELPHI
------ e'e, quark jets, DELPHI

<«— Peripheral
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Raju Venugopalan

Two particle correlations: CMS results

“Discovery”™

—________\

N\

CMS Min. Bias (1 GeV < pr < 3 GeV)

s’

d) N>110, 1.OGeVIc<pT<3.OGeVIc

—_
eI 0 EEEE N BN S S

B g —

7’

€ Ridge: Distinct long range correlation in n collimated around A®= 0
for two hadrons in the intermediate 1 < p, gr <3 GeV

78



Possible origin of same-side CMS ridge invp p Collisions

Bjorken, Goldhaber, sjb

/ \ / Emitted
Quark-Gluon Hadrons
Plasma
— - "~ HighPt
Highest dgl\:l b
D
\ / N

V = Z[COS 20;% + sin 2¢;7]

1=1 79



Possible mudtipawticle ridge-like
correlations inv very highv muldtiplicity
brotovw-protonw collisions

Bjorken, Goldhaber, sjb

We suggest that this “ridge”-like correlation may be a
reflection of the rare events generated by the collision of
aligned flux tubes connecting the valence quarks in the wave

functions of the colliding protons.

The “spray” of particles resulting from the approximate line
source produced in such inelastic collisions then gives rise to
events with a strong correlation between particles produced
over a large range of both positive and negative rapidity.

80



Forward .
mp;flz'e;;;# pA — J / sz Zhu, sib

(gg)Sc + 98¢ — J/w

Strong shadowing of color-
octet di-gluon <

Front Surface
dominated!

Crossing: Diffractive
& pomeron exchange

Double-gluow subprocess



Fixed LF time

Proton 5 -quawk Fock State :
Intrinsic Heavy Quarks

T QCD predicty
— Intrinsic Heavy
"1 “ - Quawks at high x!

QR Minimal off-
shellness

Use AdS/QCD LFWF

\ 4
TQ X (mé + l{:i)l/2

Probability (QED)

Probability (QCD)

1
M4 M¢,
Collins, Ellis, Gunion, Mueller, sjb
Pogakov, etal.
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75

] Measuwrement of Chawmw Structure

Funclion!

J.J. Aubert et al. [European Muon Collaboration], “Pro-
duction Of Charmed Particles In 250-Gev Mu+ - Iron In-
teractions,” Nucl. Phys. B 213, 31 (1983).

First Evidence for Intrinsic Charm
Hoyer, Peterson, Sakali, sjb

Jactor of’zo0!

"

YYVYYVYY

a )
IC+ICR , 7 \ -
i ) N\ .
7
1 \
-3 ! 7 ...
b A \\ o/
Y +31(IC+ICR) ]
-1 \ ]
I 1
o W
L -
i OIc PGF \
-,.' " WVQPWWLQ/ \ .
i (DGLAP)
10-" : ] [ ! 1
00 01 0.2 0.3 0.4

| 7, o !
DGLAP / Photon-Gluon Fusion: factor of 30 too small

Two- Componenty (separate evolution):

C(CL‘, QQ) — C(xg Qz)extrinsic T C(QZ‘, Q

2 ). .
Intrinsic
83



week ending

PRL 102, 192002 (2009) PHYSICAL REVIEW LETTERS 15 MAY 2009

Measurement of ¥y + b + X and v + ¢ + X Production Cross Sections
in pp Collisions at \/s = 1.96 TeV

Data/Theory —
51.8 -DJ, L, =1.0fb" y"|<0.8 -y <0 AO'(pp — VCX)

=16F y"y’e‘>0 |y{|<1.0 F Y+b+X

.31.4;_ vy+b+ X p‘:‘>1SGeV Ao.(ﬁp N ,be)

------------------
------
.
---------
.......
-

..........

.
"""""""
-------------
.......................
......

Ratio insensitive

- —e— data/theory

08 CTEQ6.6M PDF uncentainty | to gluon PDF,

04 «vs = |C BHPS / CTEQ6.6M

0.2 :,_ ®sermene « IC sea-like / CTEQ6.6M Scales
e Scale uncertainty

Signal for significant
IC
atx > 0.1

40 60 80 100 120 140
p, (GeV)




Goldhaber, Kopeliovich, Schmidt, Soffer sjb

Intrinsic Chawrm Mechanism for Inclusive
‘HLQJ’VXF HW?VOMLO‘V\/

>

l\\\\g\ . H

pp — HX

Also: intrinsic strangeness, bottom, top

Higgs can have > 80% of Proton Momentum!

New production mechanism for Higgs
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do/dx_ [fb]

Intrinvic Heovy Quowk Contribution to-

50

40 -

W
o
]

N
o
]

10 -

Inclusive Higgs Production

4 (pp — HX)[f0]

LHC :\/5 = 14TeV

Tevatron :1/s = 2TeV

0

- ~
N
| ' | ' | ' | ' | ' | ' | ' | ' | ' |

0,/8 080 082 084 086 088 090 092 094 096 0,98

Xe

Goldhaber, Kopeliovich, Schmidt, sjb
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Recent papers on PMC

» Brodsky and Wu, Phys.Rev.D85,034038(2012)
Idea and initial » Brodsky and Wu, Phys.Rev.D85,114040(2012)
application » Brodsky and Wu, Phys.Rev.D86,014021(2012)

» Brodsky and Wu, Phys.Rev.D86,054018(2012)
» Brodsky and Giustino, Phys.Rev.D86,085026(2012)

» Brodsky and Wu, Phys.Rev.Lett.109,042002(2012)
» Matin, Brodsky and Wu, Phys.Rev.Lett.110,192001(2013)
»  Wu, Brodsky and Matin, Prog.Part.Nucl.Phys.72,44(2013) (Invited Review)

» Wang, Wu and etal., 1301.2992 (NPB8&76, 731(2013))
| » Brodsky, Matin and Wu, 1304.4631 (PRD accepted(2014))
Features and » Zheng, Wu and etal., 1308.2381 (JHEP10, 117(2013))
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